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Each mode of inactivation has both advantages and disadvantages (Lomber 1999) . Ablations lesion a large volume of tissue permanently, with assessments of oculomotor deficits occurring after weeks to months of recovery. The remaining oculomotor capabilities therefore reflect both what was lost due to the FEF lesion and the plastic capacity of the oculomotor network to recover over time. Reversible pharmacological inactivation is less invasive and enables study of the oculomotor system unconfounded by plastic recovery; however, the volume of inactivation is substantially smaller and varies with time as the drug diffuses and is metabolized. The effects of inactivating a large volume of the FEF on saccade behavior, unconfounded by recovery, remain unknown.
The goal of this study was to evaluate the FEF's contribution to visually guided, delayed, and memory-guided saccadic behavior via an assessment of oculomotor behavior before, during, and after large and reversible inactivation of unilateral FEF. To do this, we used the cryogenic inactivation technique , in which cryoloops (see Fig. 1 ) are implanted into the brain to permit controlled lowering of tissue temperature to a point at which it is synaptically inactive yet viable upon rewarming. Here we designed our cryoloops to reversibly inactivate a volume of tissue (ϳ162 mm 3 ) that is substantially larger that for than other reversible inactivation techniques (ϳ14 -33 mm 3 ; Dias and Segraves 1999; Sommer and Tehovnik 1997) . The cryogenic technique also enables collection of large, repeated data sets that facilitate statistical analysis of saccadic deficits. Here we describe the effects of unilateral cryogenic inactivation of the FEF on bilateral saccadic performance in two tasks. In the step saccade task ( Fig. 2A) , a briefly flashed saccadic target is presented at 1 of 32 locations, allowing us to describe the saccadic deficits associated with targets distributed throughout the visual field. In addition to the expected contralateral saccadic deficits, we are also particularly interested in any ipsilateral saccadic deficits that may arise with a large but reversible lesion, given that FEF neurons with ipsilateral response fields are sparsely distributed throughout the FEF Crapse and Sommer 2009; Funahashi et al. 1991; Segraves 1992) . In the interleaved memory-guided and delayed saccade task (Fig. 2B) , the monkeys had to first withhold a saccadic response and look to either a remembered or a persistent visual cue after offset of a central fixation point. This task permitted a direct comparison of the effects of FEF inactivation on tasks with differing requirements for spatial working memory. We are particularly interested in the preponderance of premature sac-cades to ipsilateral-presented cues in this task, as such errors are prevalent after reversible pharmacological inactivation (Dias et al. 1995; Dias and Segraves 1999; Sommer and Tehovnik 1997) but not permanent ablations (Deng et al. 1986 ). It therefore remains unclear whether premature saccades occur only when a small volume of the FEF is inactivated, perhaps because of disinhibition of a focal, corresponding region of the noninactivated FEF (Schlag et al. 1998) , or whether premature saccades are not seen after permanent ablations because of functional recovery.
Consistent with previous FEF inactivation studies, we observed the triad of contralateral saccadic deficits that usually accompany the inactivation of oculomotor structures (increased RT, decreased accuracy and peak velocity). We also found moderate, yet consistent, increases in RTs for ipsiversive saccades, even though these saccades had normal saccade accuracy and dynamics. Surprisingly, we did not observe any consistent increases in premature saccades with ipsilateral cues, which differ markedly from the substantial increases reported by reversible pharmacological inactivation studies.
Some results have been reported previously in abstract form (Peel et al. 2010) . mulatta; monkeys M and G, weighing 8.7 and 11.1 kg, respectively) were used in these experiments. All training, surgical, and experimental procedures were in accordance with the Canadian Council on Animal Care policy on the use of laboratory animals (Olfert et al. 1993) and were approved by the Animal Use Subcommittee of the University of Western Ontario Council on Animal Care. The monkeys' weights were monitored daily, and their health was under the close supervision of the university veterinarians.
METHODS

Subjects and physiological procedures. Two male monkeys (Macaca
Each monkey underwent an aseptic procedure to implant two stainless steel cryoloops into the right arcuate sulcus as shown in Fig.   1 . We customized the cryoloops based on an anatomical magnetic resonance image (MRI) obtained from each monkey, implanting in each case a 3 ϫ 7-mm and a 3 ϫ 5-mm (depth ϫ length) cryoloop in the inferior and superior aspects of the arcuate sulcus [inferior arm (IA), superior arm (SA)], respectively. We performed a small 2.25-cm 2 craniotomy at the stereotaxic coordinates of the arcuate sulcus spur to allow for insertion of both IA and SA cryoloops. A detailed technical report of the cryoloop technique has been described previously , and previous studies have implanted cryoloops in monkey cortical sulci to reversibly inactivate brain areas (Johnston et al. 2013; Nassi et al. 2013; Ponce et al. 2011) . The typical drug regimen and other surgical details in the lab have been described previously (Elsley et al. 2007 ). In addition, monkeys were given dexamethasone postoperatively to minimize potential brain swelling.
Experimental procedures. The monkeys were placed with their heads restrained in a customized primate chair (Crist Instruments) for the duration of the experiment. We conducted experiments in a dark, sound-attenuated room, and infrared cameras were used to monitor body movements. The chair was secured at the center of a 3-ft 3 coil system (CNC Engineering), with the monkey facing an rectilinear grid of Ͼ500 red LEDs covering Ϯ35°of the horizontal and vertical visual field. All aspects of the experiment were controlled by customized real-time LabVIEW programs on a PXI controller (National Instruments) operating at a rate of 1 kHz. We collected eye position signals from either a gaze-tracking coil system or a single chair-mounted eye tracker (EyeLink II) in monkeys M and G, respectively. An experimental data set consisted of precooling (active), pericooling (inactivated), and postcooling (reactivated) sessions, with each session containing 200 or 150 correct trials (ϳ10 min) for monkeys M and G, respectively. After the precooling session, we turned on the cooling pumps, initiating the flow of chilled methanol through the lumen of the cryoloops. We began the pericooling session when cryoloop temperature attained a temperature of 0 -3°C for at least 3 min. The temperature of the cryoloop was monitored via a wired connection from a microthermocouple to a digital thermometer. Cryoloop temperatures of 0 -3°C silence postsynaptic activity in surrounding neurons up to 1.5 mm away without influencing fibers of passage B: an additional 7 ϫ 3-mm cryoloop is inserted into the inferior aspect of the arcuate sulcus. . Cooling both the IA and SA cryoloops provided an inactivation volume of ϳ162 mm 3 , which is ϳ5-10 times larger than that in previous FEF pharmacological inactivation studies (Dias et al. 1995; Dias and Segraves 1999; Sommer and Tehovnik 1997) . Note that this volume estimate does not include the volume of inactivated tissue in the posterior bank of the arcuate sulcus, as inactivation of this region does not appear to affect saccadic behavior (see DISCUSSION). Once we finished trial collection for the pericooling session, the cooling pumps were turned off, which allowed the tissue to rapidly rewarm. We commenced the postcooling session when cryoloop temperatures were within 1°C of temperatures observed in the precooling session (ϳ37°C) for at least 3 min. The monkeys continued to perform the behavioral task throughout the cooling and rewarming transitions, but these data are not reported here. We also conducted sham control sessions in which experimental conditions were identical to those of actual cooling days, with the exception that the flow of chilled methanol bypassed the cryoloops so that the cryoloops remained at physiological temperatures. To avoid any possible biases, we collected only one complete cooling or sham control data set per day.
Behavioral tasks. We trained monkeys to perform two behavioral tasks: a step saccade task and an interleaved memory and delayed saccade task (Fig. 2) . These tasks were always performed on separate days. The step saccade task allowed us to evaluate saccades to cue locations distributed throughout the visual field. After the monkey maintained fixation of a central LED for 750 -1,000 ms, a briefly flashed peripheral cue appeared simultaneously with the offset of the central LED, which signaled the monkey to generate a saccade toward the cue within 1,000 ms. Since preliminary data showed only subtle saccadic deficits toward persistent visual cues, we flashed cues in order to increase the cognitive demands for this task, because previous research has demonstrated that greater deficits during FEF inactivation accompany more demanding tasks (Deng et al. 1986; Dias and Segraves 1999; Sommer and Tehovnik 1997) . We chose flash period durations of 50 and 150 ms for monkeys M and G, respectively, selecting a duration that was usually sufficient for the monkey to generate a saccade (monkeys often neglected shorter flash durations during FEF inactivation). Thirty-two possible cue locations were distributed within Ϯ20°of visual angle from the central fixation LED (positive values denote right or up location). Both monkeys completed four to seven correct saccade trials to each cue location per session. These cues were arranged in eight evenly spaced directions (rotated at 0°, 45°, 90°. . . 315°of straight right) at four different eccentricities (4°, 10°, 16°, and 20°), with the smallest amplitude varying slightly for cardinal (4°) or oblique (5.7°) directions. Acceptance windows around the target were relatively large (2.8 -14°), with a diameter equal to 70% of the target's visual angle. Monkeys were required to maintain eye position within this window for 250 ms to be rewarded with water delivered via a sipper tube. Larger acceptance windows were necessary in this study to ensure that the monkey could be rewarded despite some degree of inaccuracy during FEF inactivation (see RESULTS) .
We utilized the interleaved memory and delayed saccade task to compare the saccadic deficits toward remembered or persistent visual cues following a delay period, which enabled a more comprehensive description of various saccade errors. We also used this task to study saccade dynamics via construction of velocity-amplitude main sequence relationships. After an initial fixation period of 750 -1,000 ms, a peripheral cue was presented on the horizontal axis, which either was extinguished after 250 ms or persisted throughout a 1,000-ms delay period where the monkey was required to maintain central fixation. The central fixation LED was then extinguished, which signaled the monkey to generate a memory or delayed saccade to either the extinguished or persistent cue location, respectively, within 1,000 ms. Both monkeys completed 15-20 correct trials to each cue location per session. Cue locations were arranged along the horizontal meridian either contralateral or ipsilateral to the central fixation LED at five different eccentricities (4°, 8°, 12°, 16°, and 20°). The acceptance windows around the fixation point and cue were the same as in the step saccade task, as was the required fixation duration at the cue.
Data analysis. Eye position traces were scanned by computer algorithms in MATLAB (MathWorks) to determine the onset and offset times of saccades with a velocity criterion of 30°/s. We analyzed the first saccade following fixation LED disappearance. Visual inspection of the data off-line by the experimenter verified whether these onset and offset marks were appropriate for saccades toward the target location and reclassified rewarded trials in which the first saccade went in the direction opposite to the cue as misdirected saccade error trials. We also discarded correct trials that had saccade end points greater than two times the target window (Ͻ1% of trials). Furthermore, trials with RTs Ͻ 60 ms were classified as premature saccade error trials.
We calculated saccade targeting error and end-point scatter for each saccade using formulae described by White and colleagues (1994) . The saccade targeting error represents the mean angular distance between the displacements of cue location and individual saccade end points from the central fixation position and is defined as
where X ϭ horizontal displacement, in degrees, of cue location, Y ϭ vertical displacement, in degrees, of cue location, x ϭ horizontal displacement, in degrees, of saccade end point, and y ϭ vertical displacement, in degrees, of saccade end point.
Saccade end-point scatter represents the mean angular distance between the displacements of mean and individual saccade end points from the central fixation position and is defined as
x ϭ mean horizontal displacement, in degrees, of saccade end points, y ϭ mean vertical displacement, in degrees, of saccade end points, x ϭ horizontal displacement, in degrees, of saccade end point, and y ϭ vertical displacement, in degrees, of saccade end point.
Trials that were not successfully completed were also included in the analysis of performance errors. We observed three main error types that increased during FEF inactivation: neglect (no saccade generated), misdirected saccades (defined as saccades that were rotated Ͼ90°clockwise or counterclockwise from the appropriate saccade direction), and premature saccades (saccades initiated in any direction before or up to 60 ms after the fixation LED was extinguished). Since neglect or misdirected saccades error types occurred after the offset of the fixation LED, we combined these error types for statistical analyses. Our rationale for grouping these errors was also motivated by the observation that misdirected saccades generally occurred much later than correct saccades for both monkeys and tasks; therefore, both neglect and misdirected saccades error trials had a prolonged period following fixation point offset where no saccade was generated. The RTs of misdirected saccades were 144 ms and 100 ms longer than correct memory saccade trials for monkeys M and G, respectively. These average RTs for misdirected saccades are 4.7 or 2.3 standard deviations larger than the mean RTs for correctly performed trials for monkeys M and G, respectively, and the differences between distributions were significant (monkey M: P Ͻ 0.005, monkey G: P Ͻ 0.05; Wilcoxon signed-rank test).
For analyses of saccadic reaction time (SRT) and performance errors, we first collapsed data by saccade direction and then calculated statistics within each session. For analyses of saccade trajectory (e.g., targeting errors and saccade scatter) and peak velocity, we calculated the statistics on data pooled across all sessions. We compared the effects of conditions (FEF or sham cooling), tasks (when comparing delayed and memory saccades), sessions (pre-, peri-, postcooling), and cue or saccade directions (contra-and ipsilateral) on each of these saccade and performance measures. In cases where behavioral measures are compared across sessions a paired test was used with a Bonferroni correction for multiple comparisons (corrected ␣ ϭ 0.05/2 ϭ 0.025), whereas repeated-measures ANOVAs were used to compare the effects of cooling across conditions, tasks, and directions (␣ ϭ 0.05). Alternatively for cases where there are multiple comparisons across cue locations, a two-sample t-test was used with a Bonferroni correction (corrected ␣ ϭ 0.05/32 ϭ 0.00156). To calculate statistics for the velocity-amplitude main sequence relationship, we pooled saccades across data sets for each session and fit a nonlinear regression to independently measure changes to saccade peak velocities across sessions. To determine significant changes in saccade peak velocities independent of amplitude, we first performed a bootstrap analysis using 5,000 sets of randomly sampled saccades with replacement in a nonlinear regression fit for the function and its initial coefficients a and b defined as
where y ϭ saccade peak velocity, in degrees per second, and x ϭ saccade amplitude, in degrees.
The nonlinear regression fit returned coefficient estimates for each of the 5,000 sets of randomly sampled saccades, which we then used to extract the peak velocities at 10°, 15°, and 20°. Finally, we calculated the standard error and 95% confidence intervals of session distribution means and determined significant differences between distributions using Welch's t-tests with a Bonferroni correction for multiple comparisons (corrected ␣ ϭ 0.025).
RESULTS
Description of data set. We tested the effects of cryogenic FEF inactivation on saccadic behavior by cooling one or both of the IA and SA cryoloops. From monkey M, we collected 7 sets of pre-, peri-, and postcooling sessions of both cryoloops from the step saccade task and 10 sets from the memory and delayed saccade task. We also performed sham controls in which the cryoloops remained warm throughout time-controlled sessions and collected five and eight sets of sessions from the step or memory and delayed saccade task, respectively. From monkey G, we collected seven sets of cooling sessions of both cryoloops in the step saccade task, while eight sets were collected in the memory and delayed saccade task. Similarly, we also collected 7 and 12 sets of sham control sessions in the step or memory and delayed saccade task, respectively. In addition, we collected 22 and 37 sets of sessions from individual (IA or SA) cryoloop cooling from monkey M and monkey G, respectively. For simplicity, we only report the effects of cooling both cryoloops together, since saccadic deficits were only quantitatively, and not qualitatively, less severe when individual cryoloops were cooled. Briefly, cooling only the IA cryoloop caused greater saccadic deficits than cooling the SA cryoloop alone and produced a deficit ϳ70% as severe as that observed when both cryoloops were cooled. This estimate includes the increases in ipsiversive SRTs we observed with cooling both cryoloops (see below). Furthermore, with the exception of neglect errors, the effects of cooling both cryoloops were well predicted by adding the effects of cooling individual cryoloops alone. In contrast, neglect errors tended to be rare during cooling of individual IA or SA cryoloops but much more frequent with combined cooling of the cryoloops (see below). In sum, we found that larger FEF inactivation volumes produced larger saccadic deficits, although saccadic deficits were more apparent with a FEF inactivation in the IA compared with the SA of the arcuate sulcus. For the rest of the results, we focus on the effects of cooling both cryoloops.
Behavioral deficits profile after unilateral FEF inactivation.
We observed a broad and consistent profile of saccadic deficits during unilateral FEF cryogenic inactivation on every cooling day, which at least partially recovered upon rewarming. For this report, we emphasize saccadic deficits that 1) were consistent in both monkeys, 2) showed some tendency for recovery upon FEF rewarming, and 3) were greater than trends observed during sham inactivation and hence could not simply be attributed to satiation or decreased motivation. Saccadic deficits included increases in bilateral-directed SRT, decreases in contraversive (leftward) saccade accuracy, peak velocity, and amplitude, and increases in several performance errors (neglect, misdirected saccades). We first describe saccadic deficits toward flashed cues distributed throughout the visual field in the step saccade task and then describe the changes in saccade behavior in the interleaved memory and delayed saccade task. Overall, both monkeys continued to perform well during FEF inactivation, even though performance errors increased. Additionally, we did not see any increases in the proportion of missed trials during FEF inactivation (e.g., where the monkey failed to initiate the trial by not looking at the central fixation LED). During FEF inactivation, we also did not observe any substantial (Ͼ1°) changes in fixation eye position or propensity for erroneous saccades in the fixation interval preceding cue presentation. We also did not detect any abnormalities in monkeys' nonsaccadic behavior during FEF inactivation, although we acknowledge that we did not specifically test limb or hand movements. Indeed, nonsaccadic deficits are likely since the inactivation volume extended to the posterior bank of the arcuate sulcus, encompassing functional areas in the premotor cortex related to coordinated visually guided arm and hand movements (Halsband and Passingham 1982; Moll and Kuypers 1977; Weinrich et al. 1984; Weinrich and Wise 1982) .
Unilateral FEF inactivation increased targeting errors for contraversive saccades. We first describe saccade trajectories and errors to flashed cue locations distributed throughout the visual field after unilateral inactivation of the right FEF. Before FEF inactivation, both monkeys could generate accurate saccades to all briefly flashed cue locations (Fig. 3, A and B) . Saccade amplitudes scaled with cue eccentricity, although monkey G's rightward (ipsilateral) saccades showed substantial hypometria (Fig. 3B ). Recall that this figure only shows the first saccade; we confirmed that monkey G attained all flashed cues with a subsequent saccade(s). Monkey G also generated normometric saccades to persistent visual targets (see Fig. 9B , bottom). In both monkeys, FEF inactivation increased hypometria and end-point scatter for saccades toward contralateral cues (Fig. 3 , C and D; these changes are difficult to resolve for monkey M given the scaling but are analyzed quantitatively in the next section). Hypometria tended to be greatest for more eccentric contralateral cues, whereas less eccentric cues primarily exhibited increased end-point scatter. Monkey G displayed quantitatively larger deficits with more pronounced hypometria to contralateral cue locations, and to upward and downward locations as well. Upon rewarming, both monkeys showed considerable recovery in saccade amplitude and endpoint scatter, particularly for those cues most affected by FEF inactivation (Fig. 3, E and F) . In summary, both monkeys had increased targeting errors for contralateral cues during FEF inactivation characterized by hypometria and increased end-point scatter toward flashed contralateral cues, which showed substantial recovery upon FEF rewarming. Since increases in targeting errors following transitions produce ratios Ͼ 1, larger values represent situations in which saccades become more inaccurate across the transition. We observed significant increases in the targeting error for 33% (4/12) and 92% (11/12) of contralateral cues for monkey M ( Fig. 4A ) and monkey G (Fig. 4B ), respectively (2-sample t-tests, Bonferroni corrected for multiple comparisons; this analysis excludes saccades to purely vertical cues). Targeting error ratio increases mainly arose from saccade hypometria and could increase by a value of 1.5 or more, particularly for contralateral cues. Both monkeys exhibited increased targeting error ratios for contralateral, downward, and select ipsilateral cues. A trend for an increasing degree of hypometria for more eccentric cues was also apparent in both monkeys. Statistically significant hypometria was observed for cue eccentricities Ͼ 12°in 38% (6/16) and 63% (10/16) cases for monkeys M and G, respectively, whereas hypometria only reached significance for cue eccentricities Ͻ 12°in 13% (2/16) and 44% (7/16) cases for monkeys M and G, respectively. Upon FEF rewarming, targeting error ratios recovered to some degree in both monkeys, especially for those cue locations most affected during FEF inactivation (Fig. 4, C and D) . Such recovery reached significance only in monkey G for 14 of the 18 cue locations significantly affected by FEF inactivation. In contrast to the changes in the targeting error ratio seen with actual cooling and rewarming of the FEF, sham inactivation produced only minimal and largely nonsignificant changes in the targeting error ratio for each monkey across any transition (Fig. 4 , E-H). Thus the increases in hypometria for contraversive saccades during FEF inactivation are not simply attributable to satiation or decreased motivation. We next investigated the changes in saccade end-point scatter across cue locations, by constructing contour plots using saccade end-point scatter ratio for each monkey in a similar manner. The change in saccade end-point scatter is computed for the cooling and warming transitions as saccades become more variable across the transition. After FEF inactivation, we observed increases of the saccade endpoint scatter ratio exceeding 1.5 to several contralateral cue locations, including some of those that also had concomitant large increases in targeting error ratio (Fig. 5, A and B) . Significant increases in the saccade end-point scatter ratio were observed for 17% (2/12) and 42% (5/12) of contralateral cues for monkeys M and G, respectively (paired t-tests, Bonferroni corrected for multiple comparisons; excluding vertical saccades). While monkey M exhibited a similar spatial profile in the changes of the targeting error ratio and saccade end-point scatter ratio, for monkey G significant increases in saccade end-point scatter tended to be restricted to less eccentric contralateral cues, unlike the spatial profile observed for targeting error ratio. This result may be related to the larger degree of hypometria exhibited by this monkey or the greater propensity for this monkey to neglect eccentric contralateral cues (see below). Upon rewarming, the changes in saccade end-point scatter generally recovered, primarily for those cue locations most affected during FEF inactivation (Fig. 5, C and D) , with significant recovery of end-point scatter being observed in monkey G at five of the eight cue locations significantly affected by FEF inactivation. Again, sham inactivation produced little consistent effect on saccade scatter across any transition (Fig. 5, E-H) .
In summary, unilateral FEF inactivation in both monkeys increased hypometria and end-point scatter to almost all contralateral cues and to some ipsilateral cues close to the vertical midline. In both monkeys, these deficits tended to be more severe for more eccentric cues.
Unilateral FEF inactivation increases SRTs toward flashed cues bilaterally. We next evaluated the changes in SRTs following unilateral FEF inactivation. First, we represent the SRTs pooled across contralateral or ipsilateral locations ( Fig. 6 ; excluding vertical cues). During FEF inactivation, both contralateral and ipsiversive SRTs significantly increased for monkey M (contra P Ͻ 0.0001, ipsi P Ͻ 0.05) and monkey G (contra P Ͻ 0.0001, ipsi P Ͻ 0.01, paired t-tests, Bonferroni corrected for multiple comparisons), with greater SRT increases accompanying contralateral versus ipsilateral cues (SRTs increased to contralateral cues by 54 and 134 ms for monkeys M and G, respectively, and for ipsilateral cues by 44 and 21 ms for monkeys M and G, respectively). Upon rewarming, bilateral-directed SRTs deficits showed some recovery, although only the SRT decrease for monkey G's contraversive saccades reached significance (P Ͻ 0.0001). The absence of consistent SRT recovery may be partly due to the monkeys' satiation, since SRTs also increased during sham inactivation and again upon reversal. However, the increase in SRT seen during FEF inactivation was far greater than that observed during sham inactivation, as revealed by a two-way ANOVA for both monkeys using only data from the FEF and sham inactivation session. For monkey M during FEF/sham inactivation, we found significant effects for saccade directions (contra-and ipsilateral; P Ͻ 0.0001) and conditions (cooling and sham; P Ͻ 0.0001) on SRTs. A similar ANOVA analysis for monkey G during FEF/sham inactivation revealed significant effects for saccade directions (P Ͻ 0.0001) and conditions (P Ͻ 0.0001) on SRTs. We also found a significant two-way interaction of saccade direction and condition (P Ͻ 0.0001). In general, we found bilateral-directed SRT increases for both monkeys during FEF inactivation, with greater increases accompanying contraversive saccades.
Quantitative comparison of SRT changes across all cue locations. We also investigated the changes in SRT at each cue location by constructing contour plots of the change in SRTs across cooling and rewarming (Fig. 7) . After FEF inactivation, we observed SRT increases at most cue locations, with the largest increases accompanying contraversive saccades (Fig. 7,  A and B) . Such SRT increases reached significance for 50% (6/12) and 100% (12/12) of contralateral cue locations for monkeys M and G, respectively (2-sample t-tests, Bonferroni corrected for multiple comparisons; excluding vertical cues). SRTs toward these cue locations increased in the range of 50 -100 and 50 -200 ms for monkeys M and G, respectively. For monkey M, SRT increases tended to be greatest for more eccentric and upward contralateral cues. For monkey G, SRT increases tended to be greatest for downward contralateral cues. Upon FEF rewarming, SRTs for both monkeys tended to either recover or remain stable (Fig. 7, C and D) . Such recovery only reached significance in monkey G, doing so in 76% (13/17) of the cases where significant SRT increases were seen with FEF inactivation. In contrast to the large and spatially contiguous SRT changes with FEF inactivation, we observed mostly patchy and insignificant changes in SRTs during sham inactivation (Fig. 7, E-H) , which we attribute to the effects of satiation or decreased motivation. In summary, SRTs increased for both monkeys during FEF inactivation, particularly for contralateral locations.
Increased neglect and misdirected saccades for flashed contralateral cues during unilateral FEF inactivation. During FEF inactivation, two types of errors were commonly observed in the step saccade task. Monkeys often neglected to look at a flashed cue (a neglect error) or looked in the opposite direction (a misdirected saccade error). Before FEF inactivation, both monkeys had low levels of combined neglect and misdirected saccade errors (Ͻ5%; Fig. 8 ). During unilateral FEF inactivation, monkey G displayed a marked increase in the tendency to either neglect contralateral cues or look in the opposite direction ( Fig. 8B ; P Ͻ 0.025, paired t-tests, Bonferroni corrected for multiple comparisons). In contrast, monkey M had a mild, yet significant increase in errors toward ipsilateral cues ( Fig.  8A ; P Ͻ 0.025). After FEF rewarming, monkey G's error rate substantially recovered, nearly reaching significance (P ϭ 0.05), while monkey M's error rate increased, possibly because of satiation, as similar increases were seen in the sham condition. A two-way ANOVA for monkey G during FEF/sham inactivation revealed significant effects of cue directions (con- tra-and ipsilateral; P Ͻ 0.01) and conditions (cooling and sham; P Ͻ 0.01) on combined neglect and misdirected saccade error rate. We also found a significant two-way interaction of cue direction and condition (P Ͻ 0.005). Using a similar ANOVA analysis for monkey M during FEF/sham inactivation, we found no significant effects of factors on error rate or significant interactions of factors. Summary of saccadic deficits for step saccade task. We used the step saccade task during unilateral FEF inactivation to quantify saccadic deficits toward flashed cue locations across the visual field. Unilateral FEF inactivation increased saccade targeting errors, end-point scatter, RTs, and in one monkey neglect and misdirected saccades. In general, we found greater impairments toward contralateral cue locations than ipsilateral locations; however, moderate deficits were observed for oblique ipsiversive saccades. We also found greater increases of saccadic deficits for saccades toward eccentric cue locations throughout the visual field compared with near locations. Both monkeys presented similar saccadic deficit profile during FEF inactivation, but the severity of saccadic deficits was greater in monkey G than monkey M. Monkey G also displayed a greater propensity for neglect and misdirected saccade errors. Although data are not shown for saccade peak velocity and amplitude relationship for this task, we did find decreases in both monkeys' saccade peak velocity independent of its amplitude during FEF inactivation for contraversive saccades only.
Memory saccades showed greater increases in targeting errors and end-point scatter than delayed saccades during FEF inactivation. We now describe changes in saccadic behavior with unilateral FEF inactivation in a task that requires a delayed response to either a remembered (memory saccades) or persistent (delayed saccades) visual target. Here we compared the effects of FEF inactivation on saccade trajectories and end points between memory and delayed saccades. In the precooling session, both monkeys displayed greater hypometria toward remembered cue locations (Fig. 9, A and B) , although monkey G had relatively greater hypometria toward rightward than leftward targets. We attribute this rightward hypometria to an idiosyncrasy in his normal behavior since he could generate normometric delayed saccades (Fig. 9B, bottom) . During FEF inactivation, memory and delayed saccades from both monkeys showed increased hypometria and end-point scatter, primarily for contralateral cue locations (Fig. 9, C and D) . In addition, for both monkeys, we found greater targeting errors for memory than delayed saccades and saccade targeting errors were more severe for peripheral, contralateral cue locations than cues near the central fixation target. During FEF inactivation, we also found mild increases in end-point scatter for both monkeys' ipsiversive saccades, particularly for saccades directed toward cue locations near the central fixation target. To determine the quantitative differences in saccade targeting error and end-point scatter following FEF inactivation, we calculated the ratio of error values across the cooling transition for each of the five contralateral and ipsilateral cue locations. In both monkeys and tasks, we found significant increases in target error ratios primarily toward contralateral cue locations. Specifically, for memory saccades, we found significant increases of ϳ1.5 at four of five and two of five contralateral cue locations for monkeys M and G, respectively. For delayed saccades, we found significant increases of ϳ1.6 at three of five contralateral cue locations for both monkeys. Similarly, we found increases in end-point scatter primarily toward contralateral cue locations, which reached significance only for memory saccades in both monkeys (ratios increased by ϳ1.3, reaching significance for 2 of 5 cue locations). Upon rewarming, for both monkeys, saccade targeting error and end-point scatter errors decreased, and their saccades had metrics comparable to the precooling session (Fig. 9, E and F) .
Unilateral FEF inactivation preferentially impaired SRTs toward remembered cues bilaterally. Next, we describe the changes in SRT in this task, measured from the time of the offset of the central fixation LED. Unilateral FEF inactivation produced greater increases in contraversive SRTs toward remembered compared with persistent visual cue locations for both monkeys (Fig. 10) , increasing for monkey M by 106 and 44 ms for memory and delayed saccades, respectively (memory and delay both P Ͻ 0.0001, paired t-tests, Bonferroni corrected for multiple comparisons), and for monkey G by 64 and 52 ms, for memory and delayed saccades, respectively (memory and delayed both P Ͻ 0.0001). We also observed significant SRT increases for ipsiversive saccades, particularly for memory saccades, although these increases were smaller than that observed for contraversive saccades. For monkey M ipsiversive SRTs significantly increased by 65 and 25 ms for memory and delayed saccades, respectively (both P Ͻ 0.0001), and for monkey G ipsiversive SRTs significantly increased by 32 and 29 ms for memory or delayed saccades, respectively (memory P Ͻ 0.01, delayed P Ͻ 0.0001). To determine significant effects and interactions of cooling conditions (cooling and sham), tasks (memory and delayed saccades), and saccade direction (contra-and ipsilateral) on SRTs, we used a three-way ANOVA using data only during FEF/sham inactivation. For monkey M, we found significant effects of saccade conditions (P Ͻ 0.0001) and tasks (P Ͻ 0.0001) but no significant effects of directions on SRTs. We also found significant two-way interactions of condition and task (P Ͻ 0.001) and saccade direction and condition (P Ͻ 0.001). A similar ANOVA analysis for monkey G during FEF inactivation revealed significant effects for tasks (P Ͻ 0.0001) and cooling conditions (P Ͻ 0.001) on SRTs. We found a significant two-way interaction of saccade direction and condition (P Ͻ 0.05). Upon FEF rewarming, SRTs for both monkeys partly recovered to similar levels observed in the sham inactivation postsession. In summary, both monkeys presented greater increases in bilateral-directed SRTs for memory versus delayed saccades, with the greatest increases in SRTs accompanying contraversive saccades. Unilateral FEF inactivation slowed all saccades toward contralateral cues. We also studied the velocity-amplitude main sequence and compared any changes with FEF inactivation across task and direction. During FEF inactivation, we observed substantial downward shifts in a nonlinear function fit to the velocity-amplitude main sequence relationships for contraversive memory-guided saccades that recovered upon rewarming (Fig. 11, A and B) . Importantly, this downward shift did not depend on any accompanying hypometria, as changes in peak velocity are evident even for saccades of moderate amplitude (e.g., 10°). To determine significant differences in peak velocities with FEF inactivation, we performed a bootstrap analysis of a nonlinear regression model, which we used to extract the peak velocities at 10°, 15°, and 20°in amplitude. For saccade peak velocities extracted at 10°or 15°in amplitude, we found significant peak velocity decreases of contraversive saccades during FEF inactivation for both monkey M (10°and 15°, both P Ͻ 0.001) and monkey G (10°, P Ͻ 0.001; 15°, P Ͻ 0.01). In addition, FEF inactivation resulted in significant decreases in peak velocities extracted at 20°in amplitude for only monkey M (P Ͻ 0.001). In contrast, no significant changes were found for ipsiversive saccades for both monkeys using extracted peak velocities at 10°, 15°, and 20°in amplitude (Fig. 11, C and D) . Upon rewarming, peak velocities of contraversive saccades extracted at 10°, 15°, or 20°in amplitude significantly increased in both monkey M (10°, 15°, and 20°, all P Ͻ 0.001) and monkey G (10°and 15°, both P Ͻ 0.001; 20°, P Ͻ 0.01) . Furthermore, we also found significant downward shifts in the saccade peak velocityamplitude main sequence relationship for both monkeys' contraversive delayed saccades at 10°, 15°, and 20°in amplitude (Fig. 12, A and B; all P Ͻ 0.001), which also recovered upon rewarming (P Ͻ 0.001). In contrast, FEF inactivation did not significantly influence the main sequence relationships for ipsiversive delayed saccades (Fig. 12, C and D) . Thus, in contrast to the bilateral effects of FEF inactivation on SRTs, the effects of FEF inactivation of velocity-amplitude relationships are unilateral, selectively shifting the relationship down for contraversive memory or delayed saccades.
Preferential increase in neglect and misdirected saccades during unilateral FEF inactivation for contraversive memory saccades. For a variety of error classes, we computed the frequency of errors before, during, and after unilateral FEF inactivation, beginning first with neglect and misdirected saccades. During unilateral FEF inactivation, both monkeys frequently either neglected to look to a remembered contralateral cue or looked in the wrong direction after disappearance of the central fixation LED (Fig. 13, A and B) . Since both neglect and misdirected saccades errors occurred after offset of central fixation LED and were significantly delayed compared with SRTs for correct trials (see METHODS), we pooled them together for statistical analysis. We found that both monkeys had significant increases in error frequency during FEF inactivation in memory saccade trials, using paired t-tests, Bonferroni corrected for multiple comparisons (monkey M P Ͻ 0.005, monkey G P Ͻ 0.01). In contrast, we observed less dramatic increases in neglect and misdirected saccade errors for delayed saccades to persistent visual, contralateral cues, which approached significance for both monkeys (monkey M P ϭ 0.042, monkey G P ϭ 0.13). Interestingly, we found significant increases in errors only for monkey M's memory saccade trials toward ipsilateral cues (Fig. 13, C and D) . With a three-way ANOVA for monkey M during FEF/sham inactivation, we found significant effects of cue locations (contra-and ipsilateral; P Ͻ 0.01), tasks (memory and delayed saccades; P Ͻ 0.0001), and conditions (cooling and sham; P Ͻ 0.0001) on combined neglect and misdirected saccades error rate. We also found significant two-way interactions of cue direction and condition (P Ͻ 0.05) and task and condition (P Ͻ 0.005). A similar ANOVA analysis for monkey G during FEF/sham inactivation revealed significant effects only of tasks (P Ͻ 0.0001) on error rate. We also found a significant two-way interaction of cue direction and condition (P Ͻ 0.025). After FEF rewarming, monkey M's and monkey G's neglect and misdirected saccades errors considerably decreased, nearly reaching significance (monkey M P ϭ 0.14, monkey G P ϭ 0.07). In sum, we found that both monkeys exhibited an increased tendency upon FEF inactivation to make errors of neglect or misdirected saccades primarily in trials with contralateral, remembered cues. Unilateral FEF inactivation had mild and inconsistent effects on premature saccade errors. Finally, we describe the effects of FEF inactivation on saccades generated prematurely (the interval for premature saccades spans from the time of cue presentation until 60 ms after disappearance of the fixation LED). During FEF inactivation, we observed only mild and inconsistent increases of premature saccade errors for both monkeys toward ipsilateral presented cues (Fig. 14, C and D) with the only evidence being the nearly significant increases occurring in delay saccade trials for monkey M (P ϭ 0.05; paired t-test, Bonferroni corrected for multiple comparisons).
In contrast, we found no significant increases in premature saccade errors for both monkeys in contralateral cue trials (Fig.  14, A and B) or any recovery upon rewarming. Although we found no significant increases across the cooling transitions, monkey M had significantly greater premature saccade errors with FEF inactivation compared with the sham condition. Using a three-way ANOVA for monkey M during FEF/sham inactivation, we found significant effects of cue locations (contra-and ipsilateral; P Ͻ 0.05), tasks (memory and delayed saccades; P Ͻ 0.001), and conditions (cooling and sham; P Ͻ 0.001) on premature saccade error rate. In contrast, a similar analysis for monkey G during FEF/sham inactivation revealed significant effects only of tasks (P Ͻ 0.0001) on error rate.
Summary of saccadic deficits for memory and delayed saccade task. We used the interleaved memory and delayed saccade task during unilateral FEF inactivation to compare saccadic deficits and performance errors toward remembered and persistent visual cues and to investigate the velocityamplitude main sequence relationship. Unilateral FEF inactivation increased bilateral-directed SRTs preferentially toward remembered cues, decreased peak velocities of all contraversive saccades, and increased performance errors. We also investigated saccade accuracy in this task, and found increases in both monkeys' saccade targeting error and end-point scatter during FEF inactivation primarily for contraversive saccades. An analysis of performance errors during FEF inactivation revealed that monkeys tended to neglect or look in the wrong direction of extinguished, contralateral cues and, surprisingly, had few prematurely generated saccades toward ipsilateral cues. 
DISCUSSION
We examined the effects of a large and reversible FEF inactivation on saccadic behavior separate from any long-term recovery. To accomplish this, we analyzed the saccadic deficits and performance errors in three saccade tasks before, during, and after reversible cryogenic inactivation of the unilateral FEF. We observed many of the contralateral saccadic deficits and neglect errors expected from previous reversible pharmacological inactivation studies, with greater deficits accompanying tasks with a greater working memory load. Importantly, we also observed consistent, albeit smaller, increases in RTs to ipsilateral targets that have not been previously reported. In addition, we found that premature ipsilateral saccade errors only slightly increased with FEF inactivation, in contrast to what had been expected from previous results with pharmacological inactivation. Together, these results add to the body of knowledge concerning the functional contribution of the FEF to saccades in both directions and attest to the differential effect of inactivating different volumes of the FEF.
Comparison of cryogenic inactivation to pharmacological inactivation and lesions studies. Cryogenic inactivation provides the dual advantages of inactivating a large volume of tissue in a reversible manner. On the basis of the dimensions of our constructed cryoloops and assuming that 3°C inactivates the entire depth of the gray matter, we estimated that cooling inactivated a volume of 162 mm 3 . This volume is much larger than that assumed to be inactivated by pharmacological means (ϳ14 -33 mm 3 with a radius of 1-2 mm from the injection site; Dias and Segraves 1999; Sommer and Tehovnik 1997) and is comparable to studies using permanent ablations (ϳ125 mm 3 circumscribing a triangular surface region of 6 mm along both the IA and SA of the arcuate sulcus with a depth of 8 mm into the arcuate sulcus; Schiller and Chou 1998) .
In light of the large volume that is presumably inactivated, the residual abilities that both animals displayed in generating contraversive saccades may seem somewhat surprising. Indeed, the residual abilities for animals to generate contraversive saccades following permanent ablations of the FEF are usually attributed to intact oculomotor areas taking over via parallel pathways (Schiller et al. 1980) . While plastic recovery undoubtedly plays a role after permanent ablation, it is also clear that the oculomotor system can continue to operate during large but reversible inactivation of the FEF.
A methodological consideration inherent to cryogenic inactivation is that of loop placement. Our protocol involved inserting two loops oriented medial and lateral from the spur of the arcuate sulcus, which corresponds to the superior and inferior aspects of the arcuate sulcus, respectively. We selected this strategy based on previous literature and on the basis of the location of the other FEF for monkey M as determined in a previous study (Elsley et al. 2007) . One caveat in this strategy is the unintended inactivation of adjacent areas outside of the traditional FEF. Our loops were specifically designed to inactivate tissue within the arcuate sulcus, and hence inactivation did not extend to the premotor oculomotor regions described by colleagues (1998, 2000) that lie on the gyri either posterior to the IA of the arcuate (Fujii et al. 1998) or medial to the SA of the arcuate sulcus (Fujii et al. 2000) , between the frontal and supplementary eye fields. Cooling within the arcuate sulcus also did not extend to the premotor regions that lie on the gyrus between the arcuate and central sulci, from where a variety of defensive or multisegmental movements that can include an oculomotor component can be evoked via microstimulation (Boulanger et al. 2009; Graziano et al. 2002) . Cooling the loops certainly inactivated the posterior bank of the arcuate sulcus, and while we cannot completely rule out the possibility that some of our observed deficits may be related to this, previous studies suggest that this area is not critical for saccade generation. Monkeys with either permanent (Rizzolatti et al. 1983) or reversible (Schieber 2000) lesions to premotor areas found within the posterior bank of the arcuate sulcus do not display the constellation of oculomotor deficits that we observed here, even though such lesions perturbed skeletomotor behaviors in a variety of tasks. It is possible that inactivated tissue extended into the fundus, which has been linked to smooth pursuit eye movements (Gottlieb et al. 1994) and from where ϳ20% of neurons have presaccade responses (Tanaka and Fukushima 1998) . However, muscimol inactivation of FEF sites physiologically characterized to be related to smooth pursuit severely compromised smooth pursuit without influencing saccades (Shi et al. 1998) . Thus, although functional imaging and neuroanatomical techniques demonstrate that a large portion of the premotor cortex is active during visually guided saccades (Koyama et al. 2004; Moschovakis et al. 2004) , the preponderance of evidence from other studies leads us to think that the majority of the saccadic deficits we observed arise from cryogenic inactivation of the anterior bank of the arcuate sulcus.
Changes to contraversive saccade behavior: spatial specificity and impact on saccade RT, accuracy, and saccade velocity. In both tasks, unilateral FEF inactivation consistently decreased saccade accuracy (manifested as increased hypometria and/or end-point scatter), decreased saccade velocities, and increased SRTs. This triad of contralateral saccadic deficits is commonly seen after either pharmacological FEF inactivation (Dias et al. 1995; Dias and Segraves 1999; Sommer and Tehovnik 1997) or ablations in monkeys (Collin et al. 1982; Deng et al. 1986; Latto and Cowey 1971; Lynch 1992; Schiller et al. 1980; Schiller and Chou 1998; van der Steen et al. 1986) and also in human patients presenting with unilateral loss of the FEF (Gaymard et al. 1999; Pierrot-Deseilligny et al. 1991; Rivaud et al. 1994) .
The spatial distribution of saccadic deficits we observed encompassed contraversive saccades with or without an oblique component, with smaller deficits accompanying smaller saccade amplitudes. Such relative sparing of smaller-amplitude saccades may relate to the logarithmic coding of oculocentric space, with proportionally more tissue devoted to smaller-amplitude saccades Schwartz 1980) . Alternatively (or perhaps additionally), our protocol for cryoloop placement may not have been optimal to influence the more ventrolateral portions of the FEF preferentially involved in small-amplitude saccades .
In all tasks, we consistently found that FEF inactivation decreased contraversive saccade peak velocities, with greater decreases occurring if the target was extinguished during the memory versus delayed saccade paradigm. Previous studies using pharmacological inactivation have observed such contraversive decreases in peak velocity (Dias and Segraves 1999) , although others had only inconsistent effects (Sommer and Tehovnik 1997) . Dias and Segraves (1999) postulated that the lack of effects on saccade dynamics found by Sommer and Tehovnik (1997) was due to generally slower peak velocities, possibly from the dark environment, which could result in less peak velocity difference between before and after FEF inactivation. This discrepancy may also be due to the use of primarily lidocaine in the Sommer and Tehovnik (1997) study versus muscimol in the Dias and Segraves (1999) study. Regardless of the mechanism, our results confirm that a large volume of FEF inactivation influences saccade dynamics.
All contralateral saccadic deficits tended to be greater in the memory-guided versus delayed saccade paradigm, attesting to the FEF's increased role in more cognitively demanding tasks. This result is also consistent with the greater and longer-lasting performance deficits for memory-guided saccades compared with visually guided saccades after either ablations (Deng et. al. 1986) or pharmacological inactivation (Dias and Segraves 1999; Sommer and Tehovnik 1997) of FEF. Cognitive signals in the FEF, including delay-period activity, appear to play a prominent role in the sensorimotor transformation for saccades. Indeed, a sample of FEF neurons projecting to the superior colliculus (SC) contain visuomotor delay activity that is modulated by Go/Nogo task instructions for only memoryguided saccades; therefore this delay activity may be a correlate of working memory .
Finally, a surprising aspect of our results was the negligible effect of unilateral cryogenic inactivation on gross fixation behavior, particularly given the previous pharmacological inactivation study by Dias and Segraves (1999) , which showed increased scatter during fixation and modest ipsilateral shifts in spontaneous eye position, neither of which was apparent in either monkey. In addition, Sommer and Tehovnik (1997) reported that monkeys with pharmacological FEF inactivations had difficulty maintaining fixation of peripheral contralateral targets. Fixation-related neurons and sites where electrical stimulation increased bilateral-directed saccade RTs tend to be preferentially located more lateral in the arcuate sulcus and ventrally toward the fundus (Burman and Bruce 1997; Izawa et al. 2004 Izawa et al. , 2009 ). This suggests that either our volume of inactivation did not encompass these lateral and/or ventral FEF subregions or a more focal FEF inactivation preferentially causes fixation-related deficits. Note, however, that we did not require our monkeys to fixate eccentrically for a sustained period of time, as was done by Sommer and Tehovnik (1997) ; hence it is possible that fixation deficits could have been revealed in our monkeys had we used a modified task or required different behaviors.
Increased ipsiversive SRTs without concomitant changes to accuracy or saccade velocity. In addition to contralateral saccadic deficits, large and reversible inactivation of the unilateral FEF also impacted the generation of ipsiversive saccades. Importantly, the impact of inactivation is restricted to increased RTs, with negligible impact on saccade accuracy or dynamics. In all tasks for both monkeys we observed significant increases in ipsiversive SRTs of ϳ25-50 ms, and while this is less than the RT increase for contraversive saccades, it always exceeded the RT increases observed in the same time interval for sham cooling sessions. Previous FEF inactivation studies have reported only subtle or negligible effects on ipsiversive saccades with either lesions (Collin et al. 1982; Deng et. al. 1986; Latto and Cowey 1971; Lynch 1992; Schiller et al. 1980; Schiller and Chou 1998; van der Steen et al. 1986) or injected pharmaceuticals (Dias and Segraves 1999; Sommer and Tehovnik 1997) , leading us to speculate that the ipsilateral saccade deficits are unique to large and reversible FEF inactivation.
Two potential mechanisms could produce increased ipsilateral SRTs upon inactivation without changing metrics or dynamics. One mechanism could be the relatively sparse distribution of FEF neurons that exhibit ipsilateral responses fields . Because of such a sparse distribution, the functional contribution of these neurons to ipsiversive saccades would only be revealed with a large volume of inactivation, which may be why pharmacological inactivation studies have not observed consistent effects. The functional contribution of ipsilateral-related FEF neurons may be also fundamentally different from the canonical contralateral saccade-related neurons in the FEF; specifically, ipsilateral-related FEF neurons may exert their influence on ipsiversive SRTs through projections that bypass the SC (e.g., indirectly via basal ganglia or to the brain stem oculomotor areas; see Predictions of neuronal activity in downstream oculomotor areas below), influencing target selection or saccade initiation without influencing the vigor or representation of the oculomotor drive in the brain stem. Although recent work by Crapse and Sommer (2009) has identified some of the inputs to these ipsilateral-related FEF neurons, their functional contribution to oculomotor control remains to be determined.
Alternatively, a large lesion of one FEF may produce widespread disinhibition of the other FEF, with the consequence of somewhat paradoxically prolonging the target selection process for ipsilateral saccades. The FEFs in each hemisphere have connections with each other (Pandya and Vignolo 1971) , and the influence of these connections is thought to be mostly inhibitory (Schlag et al. 1998; Seidemann et al. 2002) . Our observation of broadly increased ipsiversive SRTs is all the more surprising in light of what is usually thought about interhemispheric FEF communication, which would have predicted decreased ipsiversive SRTs. However, the FEF is known to be a key area for saccade target selection (for review, see Schall 2002) , instantiating a gradual discrimination between representations of a target from distractors. Such selection is thought to involve inter-and intrahemispheric FEF networks, supporting cooperative or competitive interactions between FEF neurons that share overlapping or nonoverlapping response fields (Cohen et al. 2010) . If a large portion of one FEF is broadly disinhibited because of a large-volume inactivation of the other FEF it would presumably take longer for the target selection processes to resolve into a single choice, but once resolved the saccade would have normal metrics and dynamics. In contrast, if a focal portion of one FEF is inactivated, only the mirror location of the other FEF would be disinhibited, leading to shorter ipsilateral RTs only for that location.
These two explanations need not be mutually exclusive. What they do provide is a potential explanation of why increased ipsilateral SRTs are unique to large and reversible FEF lesions and occur without concomitant changes in saccade metrics or dynamics.
Increased contralateral neglect but no increased tendency for premature ipsiversive saccades. The functional contribution of the FEF to saccades can also be revealed through an analysis of various error types in different tasks. We observed a markedly increased tendency for both monkeys to either neglect (i.e., not respond) or look in the opposite direction to contralateral-presented stimuli in the memory-guided saccade task. This tendency was greatly reduced in both monkeys if the stimulus remained on in the delayed-saccade task, reinforcing the increased contribution of the FEF in tasks with a greater working memory requirement. Previous FEF studies have made similar observations with pharmacological inactivation (Dias et al. 1995; Dias and Segraves 1999; Sommer and Tehovnik 1997) or ablations (Collin et al. 1982; Deng et. al. 1986; Latto and Cowey 1971; Lynch 1992; Schiller et al. 1980; Schiller and Chou 1998; van der Steen et al. 1986 ). These observations of neglect do not appear attributable to inabilities in detecting or remembering contralateral cues. Using monkeys trained in a memory-guided saccade task that spatially dissociated the saccadic response from cue location, Lee and colleagues (2012) found that pharmacological FEF inactivation resulted in no marked differences in monkeys' performance for spatially dissociated responses following contralateral cue presentation. Alternatively, when the required responses were not spatially dissociated from contralateral cues, monkeys frequently neglected to generate saccades or looked in the wrong direction, which is in agreement with our own results.
In contrast to previous pharmacological FEF inactivation studies, we found essentially no consistent tendency for either monkey to generate premature ipsiversive saccades during FEF inactivation in the memory-guided or delayed saccade paradigms, particularly compared with the results with sham inactivation (Fig. 14) . To put our observations in perspective with previous results, Sommer and Tehovnik (1997) reported that the tendency to generate premature saccades to ipsilateral cues increased from ϳ5% before pharmacological inactivation to ϳ50% during FEF inactivation in a memory-guided saccade task. Similarly, Dias and Segraves (1999) reported that the tendency to generate premature saccades to ipsilateral stimuli in a similar task increased progressively from Ͻ2% before inactivation to almost 100% ϳ2 h after muscimol injection. The marked differences between our results and those of studies using pharmacological inactivation appear to be another example of the effect of FEF inactivation volume; a more focal FEF inactivation results in increased difficulty in suppressing inappropriate saccades toward ipsilateral cues at the mirror location.
Predictions of neuronal activity in downstream oculomotor areas. The triad of contralateral saccadic deficits after largevolume unilateral FEF inactivation is largely consistent with the robust and topographically organized projections from FEF to the SC (Leichnetz et al. 1981; Sommer and Wurtz 2000) . FEF neurons do not appear to encode saccadic metrics and dynamics per se (Segraves and Park 1993) , although there are correlations with SRT (Hanes et al. 1998; Heitz and Schall 2012; Segraves and Park 1993) . Instead, oculocentric signals relayed to downstream oculomotor areas convert these signals into saccadic vectors (Dassonville et al. 1992) . Neural activity within the intermediate and deep layers of the SC relates to saccade timing, metrics, and dynamics (Mays and Sparks 1980; Munoz et al. 2000) , and reversible inactivation or ablations of the SC produce the same triad of saccadic deficits Cavanaugh et al. 2012b; Wurtz 1983, 1986; Quaia and Wurtz 1998; Schiller et al. 1980; Wurtz and Goldberg 1972) . Given the contralateral saccadic deficits we observed, it is likely that saccade-related activity in the ipsilateral SC takes longer to reach threshold, is spatially displaced and variable from the representation of the target before cooling, and reaches a lower peak firing rate. What remains an open question is how SC activity outside of the perisaccadic interval is influenced by FEF inactivation, particularly during memoryguided and delayed saccades; our preliminary results indicate that visual and delay-period activity in the ipsilateral SC largely decreases during FEF inactivation (Peel et al. 2012) , which suggests that the FEF functionally contributes to all aspects of ipsilateral SC activity.
In addition to the robust and topographic projections to the SC, descending projections from the FEF also go through the basal ganglia (Kunzle and Akert 1977) and other brain stem centers downstream from the SC. The direct influence of the basal ganglia on brain stem saccadic activity is thought to be predominantly relayed through the substantia nigra pars reticulata (SNr), which has projections to the ipsilateral and contralateral SC via uncrossed (Chevalier et al. 1981; Graybiel and Ragsdale 1978; Hikosaka and Wurtz 1983; Jayaraman et al. 1977) and crossed (Beckstead 1981; Jiang et al. 2003; Liu and Basso 2008) pathways, respectively. Although both the uncrossed and crossed projections are inhibitory, Jiang and colleagues (2003) found that these projections also differ in several respects (e.g., spatial distributions of SNr neurons, spontaneous activity, conduction velocities, and response fields); therefore, they suggested that coordination of these pathways (i.e., inhibition by crossed pathway and disinhibition by uncrossed pathway) could facilitate presaccadic activity in the SC. Previously, Hikosaka and Wurtz (1983) had investigated the influence of the SNr on presaccadic activity in the ipsilateral SC (i.e., uncrossed pathway). Liu and Basso (2008) showed that electrical stimulation in SNr transiently decreases presaccadic activity in both contralateral and ipsilateral SC neurons. While the functional role of the crossed pathway for oculomotor behavior remains to be determined, the crossed pathway provides a substrate by which FEF activity can indirectly influence the SC on the other side. In light of our results, we speculate that any influence on the contralateral SC would be limited to the timing of the saccaderelated activity.
A similar degree of uncertainty exists when trying to predict the impact of FEF inactivation on the signals conveyed directly to the brain stem, downstream from the SC. FEF neurons project to the ipsilateral oculomotor regions of the pons, including both the omnipause and saccadic burst generation regions (Huerta et al. 1986; Leichnetz et al. 1984; Schnyder et al. 1985; Segraves 1992; Stanton et al. 1988a Stanton et al. , 1988b , and contain functional signals that largely resemble those sent directly to the SC (Segraves 1992; Segraves and Goldberg 1987) . However, the ability to electrically evoke saccades directly from the FEF depends on the integrity of the SC (Hanes and Wurtz 2001) , suggesting either that the direct projections from the FEF to the oculomotor brain stem are insufficient to evoke saccades or that an additional signal from the SC is required in downstream structures. Alternatively, FEF signals that are sent directly to the brain stem may participate in ongoing saccadic preparation via cortico-cerebellar loops. The first part of the cortico-cerebellar loop consists of a corticopontocerebellar disynaptic pathway that innervates cerebellar hemispheric lobule VII (Huerta et al. 1986 ; Schmahmann and Pandya 1997; Xiong et al. 2002 ) and the adjacent dentate nucleus via Purkinje neurons (Xiong et al. 2002) . The loop is closed by ascending disynaptic projections from the dentate nucleus to the FEF through the ventrolateral nucleus of the thalamus (Lynch et al. 1994) , although the dentate nucleus also projects to several other oculomotor areas, including the SC (May et al. 1990 ) and LIP (Prevosto et al. 2010) . Using reversible inactivation of ventrolateral nucleus, Tanaka (2006) reported increased RTs of self-timed saccades and suggested that these ascending projections back to cortex are important for the timing of self-triggered saccades. Subsequently, Tanaka (2007) found delay-period activity in neurons of the ventrolateral nucleus, and this activity was correlated to saccade generation when tasks required internal monitoring of time (i.e., self-triggered saccades) or were associated with predictive cues related to saccade timing (i.e., disappearance of fixation light in delayed or memory saccades). Recently, Ashmore and Sommer (2013) suggested that one probable source of this delay-period activity is the dentate nucleus. They found delay-period activity in neurons of the dentate nucleus, and this activity was related to the initiation and directionality (but not accuracy or dynamics) of self-triggered saccades. One implication of this finding is that cortico-cerebellar loops appear to play a role in self-triggered saccades; therefore FEF inactivation may result in impairments of self-triggered saccades by removing a key source of inputs and recipient area of signals from corticocerebellar loops.
How then do we explain the changes to ipsiversive saccade behavior? The increase in ipsiversive SRTs without concomitant changes in saccade metrics or dynamics, as well as the lack of any consistent increase in the tendency to generate premature saccades to ipsilateral stimuli in either the memory-guided or delayed saccade task, suggests a mechanism whose influence is restricted to saccade timing rather than saccade generation per se. Such changes may speak to the functional contribution of ipsilateral-related neurons in the FEF contributing to saccade timing but not metrics and dynamics. Although speculative, altered signaling from these neurons either through the basal ganglia (e.g., delayed disinhibition via the crossed pathway) or directly to the oculomotor brain stem (e.g., a delayed pause of the omnipause neurons or impairments to corticocerebellar loops) could explain our results. Alternatively, as described above, large-volume FEF inactivation may cause broad disinhibition of the contralateral FEF neurons, disrupting the balance of cooperative and competitive interactions among local FEF neurons in the target selection process.
Differential effects of focal versus large-volume inactivation? One implication of our results compared with those obtained with more focal, pharmacologically mediated inactivation is that the volume of inactivation may have an important impact on both contralateral and ipsiversive saccades. In particular, focal inactivation may promote a degree of disinhibition in the mirroring location via a loss of interhemispheric inhibition that is not obtained with large-volume inactivation. Large-volume inactivation may exert a different impact on saccade behavior, perhaps because of its proportionally greater impact on functional classes of neuron (like ipsilateral-related neurons) that have a more dispersed distribution in the FEF, because of differences in interhemispheric inhibition, or because of the properties of downstream circuits (e.g., in the basal ganglia). To further complicate matters, finer details of receptive field structures in the FEF continue to emerge (e.g., Cavanaugh et al. 2012a ), making it even harder to predict the comparative changes in the FEF with progressively greater volumes of inactivation. An appreciation of the potential differences between focal and large-volume inactivation is particularly relevant for experiments that aim to record in one structure while inactivating the other; in the oculomotor network in particular, the problem with aligning the recorded and inactivated response fields is largely avoided with large-volume inactivation. We are currently conducting such studies to directly investigate the impact of large-volume FEF inactivation on neuronal activity in the SC.
